ABSTRACT A unidirectional beam-scanning antenna is proposed. The antenna is constructed by placing a series of circular radiating elements on a 2-mm dielectric slab backed by a corrugated metal-insulatormetal (CMIM) ground. The CMIM structure is introduced not only as a ground but also as a waveguide for spoof surface plasmon polaritons (SSPPs). The beam-scanning function is realized through the phase difference of SSPPs fed to the radiating elements. In addition, the CMIM ground reflects downward radiation waves onto upward space, leading to a unidirectional pattern and enhanced radiation gain. Both the numerical simulation and experiment results demonstrate the good performance of the proposed antenna. They validate that the antenna achieves unidirectional radiation and scanning angle of 57 • when the frequency varies from 6.2 to 9 GHz with the frequency sensitivity of 20.4 • /GHz. The realized gains are higher than 8.11 dBi over the entire band. Compared with the published works, this paper provides a novel feed technology, a simpler structure, and higher frequency sensitivity. The high-frequency sensitivity is beneficial to reduce the bandwidth burden of the entire system. The antenna has potential applications in satellite communication.
I. INTRODUCTION
Surface plasmon polaritons (SPPs), which propagate along the interface of a metal and a dielectric at visible and near-infrared frequencies [1] - [3] , have elicited considerable research attention in recent years. Given their capability to overcome the classical diffraction limit and their considerably shorter operating wavelengths, SPPs have a wide range of applications in high-resolution imaging [4] - [6] , biosensing [7] - [9] , and optical communication [10] , [11] - [13] . However, SPPs cannot be excited directly at a low frequency because metals typically behave as a perfect conductor in the microwave and terahertz regions. For a long time, SPP modes have been believed to be excited only in the visible and near-infrared regions, until Pendry et al. [14] theoretically predicted the SPP-like surface modes in the microwave frequency of a metamaterial design with periodic cubic holes in 2004. In 2005, Hibbins et al. [15] experimentally verified Pendry's theory. Thereafter, numerous efforts have
The associate editor coordinating the review of this manuscript and approving it for publication was Mingchun Tang. been exerted to mimic SPP-like modes in low-frequency bands [16] - [20] . These modes are called spoof SPPs (SSPPs). Some schemes have been proposed to effectively excite SSPP waves at microwave and terahertz frequencies, such as a hole array on metallic films [16] and corrugated grooves on metallic lines [17] - [19] . However, these structures are difficult to integrate due to their complicated 3D geometries. Recently, an ultrathin planar corrugated metallic strip [20] , which can support SSPP mode propagation in wide bands with low loss, was developed. Transition structures have been proposed to convert a traditional waveguide, such as co-planar waveguide [21] and microstrip [22] , to SSPP mode. In 2014, Gao et al. [23] introduced a complementary plasmonic structure that supports dominantly odd modes and exhibits strong confinement. On the basis of the preceding developments, various types of plasmonic functional devices, such as filters [24] - [26] , wave splitters [27] , and antennas [28] , [29] , have been investigated.
Frequency-controlled beam-scanning antennas are widely used in wireless communication systems due to their capability of realizing different beam points through frequency tuning. The conventional method adopted to realize beam scanning is based on the phase-shifting effect of a slow-wave waveguide [30] , [31] . However, such waveguide is heavy and difficult to integrate into planar components. Printed leaky-wave antennas (LWAs) have been assumed to be good candidates for achieving beam scanning due to their low cost, compact structure, and easy fabrication [32] - [34] . Enhancing the scanning range of conventional LWAs is challenging. In 2014, composite right-/left-handed structures were used in LWAs, and forward-to-backward beam scanning was realized [35] . However, most metamaterial-based structures are complicated and difficult to fabricate.
SSPPs can be applied to designing a beam-scanning antenna due to their high field confinement and slow-wave property. In [36] , a broadband and wide-angle beam-scanning patch array fed by a groundless planar SSPP waveguide with a scanning range of 55 • was proposed. Scanning range was enhanced by introducing standing-wave modes of SSPPs in [37] . However, the radiation patterns of these antennas are bidirectional due to their groundless structure. Thus, these antennas are not preferred in certain applications that require directional beams. Additional perfect electric conductor and artificial magnetic conductor ground layers have been introduced to suppress downward radiation [38] , [39] . However, multilayered dielectric slabs make the entire antenna incompact. Recently, phase gradient metasurface is utilized to modulate the dispersion behavior of the SSPP waves, leading to frequency scanning radiation [40] , [41] with a range of 42 • . For some practical systems, such as motion detection [42] and automotive adaptive cruise control, high frequency sensitivity [43] , [44] , meaning achieving wide scanning angle in narrow frequency band, is hoped due to bandwidth limitation. Despite 18.0 • /GHz frequency sensitivity is realized by gradient metasurface in [40] , its scanning range is only 32.4 • .
A unidirectional beam-scanning antenna excited by CMIM ground supported SSPPs is proposed in this study. The antenna is constructed by placing a series of circular patches on a 2-mm dielectric slab backed by a corrugated metalinsulator-metal (CMIM) ground. Here, the CMIM ground plays two roles. First, it propagates SSPP waves as a feed line for antenna; second, it reflects downward radiation to upper space. Wide-angle beam scanning is realized due to the phase difference fed to the patches, whereas unidirectional radiation is achieved due to reflection effects. In addition, a dispersion relation shows that the CMIM structure exhibits stronger field confinement capabilities than a single corrugated strip, thereby enabling the proposed antenna to cover a wide-angle scanning range in a narrower frequency band compared with the conventional SSPP supported beamscanning antenna [36] . Numerical simulation and experiment results validate that the proposed antenna has an operating band of 6.2-9 GHz with a beam-scanning range of 57 • . Moreover, unidirectional radiation patterns are achieved. The measured gains are also higher than 8.11 dB over the entire operating band.
The remainder of this paper is structured as follows. Section II analyzes the dispersion relation and transmission characteristic of the CMIM structure. In addition, the beamscanning mechanism and structure of the entire antenna are described in this section. Section III presents some of the results, including the simulation and measurement results of the proposed antenna. Conclusions are given in Section IV. 
II. OPERATING PRINCIPLES A. CMIM PLASMONIC WAVEGUIDE
The transmission characteristic of the SSPP waveguide constructed using the CMIM structure is first investigated. The overall size of the structure is 326 mm × 37 mm. Fig. 1 (a) presents the geometry of the CMIM unit, which consists of two identical single gratings acting as counterparts printed on a 2 mm F4B substrate with a relative dielectric constant ε r = 3 and a loss tangent tan δ = 0.002. The gap between the two gratings is g. The two single gratings, which are placed symmetrically, can confine the SSPP waves in the gap and suppress radiation in the y direction, thereby resulting in stronger confinement for SSPP waves compared with a single grating. The period of the unit is p = 5 mm. a and h denote the width and depth of the grooves, respectively, and a is set as 2 mm. Fig. 1(b) shows the dispersion diagrams of the single grating and the CMIM structure. The dispersion curves of both the single grating structure and the CMIM structure deviate considerably from the light line, thereby indicating SSPP waves can propagate on both of them. However, the CMIM structure evidently has lower asymptotic frequency than the single grating, which demonstrates that the CMIM structure has stronger confinement ability for electromagnetic waves. In addition, the impacts of groove depth and the gap between the two single gratings in the CMIM structure on dispersion relations are explored. The result indicates that asymptotic frequency can be reduced by increasing the value of groove depth h or decreasing the value of gap g. In this work, h and g are set as 3 mm and 1 mm, respectively. CMIM structure. As exhibited in Fig. 2(b) , the slotline (denoted as L 1 ) is used to couple electromagnetic energy from the microstrip to the CMIM structure. A circular metal plate at the end of the microstrip and an air hole at the start of the slotline are used to increase the coupling degree of electromagnetic waves [45] . Stepped slotlines (marked as L 2 and L 3 ) are utilized to realize impedance matching between the slotline and the CMIM structure. The optimized values of L 1 , L 2 , and L 3 are 10, 8, and 5 mm, respectively. In addition, due to the serious mismatching between the phase velocities of the microstrip and the CMIM structure, the efficiency of converting the guided waves in the slotline to SSPP waves in the CMIM plasmonic waveguide is low. Five gradient grooves with depths varying from h 1 to h 5 , in which h 1 , h 2 , h 3 , h 4 , and h 5 are 0.5, 1, 1.5, 2, and 2.5 mm, respectively, are utilized to improve conversion efficiency. The width of the microstrip is optimized to be 3.8 mm to achieve an impedance of 50 . The detailed dimensions of the entire waveguide are listed in. Table 1 , and all final values are optimized using parameter sweep function of the commercial software CST. 3 shows the simulated S parameters of the SSPP waveguide to quantitatively demonstrate highefficiency transmissions. Notably, S11 is approximately −10 dB or lower and S21 is higher than −4.5 dB from 6 GHz to 9 GHz. In addition, the near-field distributions of the Ex, Ey, and Ez components for such a plasmonic waveguide are simulated at the frequency of 7.5 GHz, as illustrated in Fig. 4 . An effective propagation of SSPP waves is observed in Fig. 4 , and the field is tightly confined within the CMIM structure. In particular, Ex is mainly distributed in the grooves, whereas Ey is mainly distributed in the gaps as illustrated in Fig. 4(b) . The characteristic of electric field distribution can also be observed in Fig. 2(c) . A single grating waveguide is also investigated to validate that the CMIM plasmonic waveguide exhibits better confinement capability for electromagnetic energy than a single grating. Fig. 5 presents the schematic of the single grating waveguide. The stepped slots and flaring structure are used to achieve the impedance matching. The other parameters are the same as those in the CMIM structure. The Ex fields, which vary on an observed line along the x direction in the CMIM and single grating waveguides, are monitored. The Ex fields of two lines located are compared, as shown in Fig. 2(a) and Fig.5 . The monitored results are plotted in Fig. 6(a) . The Ex in the CMIM structure is clearly considerably higher than that in the single grating. The periodically occurring zero value is due to the zero tangential electric field on the metal VOLUME 7, 2019 surface. Fig. 6(b) illustrates the Ex, Ey, and Ez components of the single grating and CMIM plasmonic waveguides on the plane of x = 105 mm at 7.5 GHz. Here, the electric field distributions of two plasmonic waveguides on a plane (x = 105 mm) perpendicular to the SPP propagation directions are compared. Evidently, the electromagnetic fields in the CMIM structure are tightly localized within a considerably smaller region than that in the single grating, thereby resulting in stronger field confinement capability. In this work, the CMIM SSPP waveguide is designed to feed a circular patch array. However, this waveguide also works as a ground for an antenna that reflects downward to upward radiation, thereby resulting in a unidirectional radiation pattern.
B. STRUCTURE AND COUPLING MECHANISM OF THE PROPOSED ANTENNA
The structure of the entire beam-scanning antenna is illustrated in Fig. 7 . This antenna is constructed by printing two misaligned rows of circular metallic patches on the top surface of the CMIM SSPP waveguide. The initial radius of the patch is set as [46] 
where
, and f r is the center frequency. The distance between two adjacent patches is initially set as a working wavelength λ g at the center frequency. When SSPP waves are transmitted in the CMIM structure, electromagnetic energy is coupled to patches and then radiated to free space through metallic patches. Two coupling mechanisms are available. As discussed earlier, the electric field in the grooves of the CMIM SSPP waveguide is mainly in the x direction (E x ), whereas the electric field in the gaps of the waveguide is mainly in the y direction (E y ), as illustrated in Fig. 4(b) . The first coupling mechanism involves placing all the metallic patches on a line above the gap so that the patches are excited by E y . Although radiation and beamscanning functions can be achieved using this mechanism, electromagnetic waves can still be radiated to the lower halfspace through the gap of the CMIM structure, thereby generating a bidirectional radiation pattern. The second mechanism involves placing metallic patches on both sides of the waveguide so that the patches are excited by E x , as shown in Fig. 7 . Compared with the first mechanism, the second mechanism has two advantages. First, space utilization is improved due to the placement of additional patches. Second, downward radiation is suppressed because a metal plate instead of an air gap is found at the back of the patches. In such case, the CMIM SSPP waveguide functions not only as a feed line but also as a reflective ground. The second mechanism is applied in this study.
C. BEAM-SCANNING MECHANISM OF THE PROPOSED ANTENNA
If k 0 is the propagation constant of a radiated wave in free space and k s is the propagation constant of an SSPP wave in the CMIM plasmonic waveguide, then the space phase shift between two adjacent patches and the inter-element phase shift in the array can be respectively expressed as
when
which leads to beam-scanning angle [47] 
The dispersion relations in Fig. 1 clearly shows that k 0 and k s vary with frequency. Therefore, when the frequency value varies, the θ value will be changed based on Equation (6) . In particular, backward radiation (θ < 0) is achieved when β < 0, whereas forward radiation (θ > 0) is realized when β > 0. Furthermore, the scanning range of the SSPP-fed patch array antenna is mainly determined by k s and d. When d is determined, the range of k s within operating band will determine the scanning range of the antenna. In other words, if k s has a large range within narrow frequency band, then a wide scanning angle can be achieved. For the SSPP structure, a larger range of k s within narrow frequency means better confinement capability. Therefore, CMIM plasmonic waveguide with better confinement is used in this work for achieving wider scanning and higher frequency sensitivity. 
III. SIMULATION AND EXPERIMENT
Simulation and experiment are conducted to validate the accuracy of the preceding analysis. All the geometric parameters of the proposed antenna are optimized using Computer Simulation Technology from Microwave Studio, and the results are listed in Table 1 . Fig. 8 shows a photograph of a fabricated sample of the proposed beam-scanning antenna. The S parameters are measured using a vector network analyzer. Fig. 9 plots the simulated and measured S parameters. The trend of the measured curve is in accordance with the simulated curve. In addition, the measured S 11 remains below −10 dB within the range of 6.2 GHz to 9 GHz whereas S 21 becomes considerably smaller than that of the CMIM SSPP waveguide without placing metallic patches as shown in Fig. 3 . That is, electromagnetic energy is effectively radiated by metallic patches. The antenna radiation patterns are measured in a chamber with a far-field setup ranging from 6.2 GHz to 9 GHz. Notably, when one port is excited, the other port must be terminated with a load of 50 . The simulated and measured radiation patterns on the xoz plane (E-plane) at seven different frequencies are shown in Fig. 10 . Fig. 10(a) and 10(b) show that downward radiation is considerably smaller than upward radiation. In addition, the simulated beam angle scans from −4 • to 54 • , and the measured scanning angle ranges from −8 • to 49 • when frequency varies from 6.2 GHz to 9 GHz. The side lobes of the antenna are lower than −10 dB. The cross-polarized radiation in the upper halfspace is plotted in Figs. 10(c) and 10(d) to investigate the polarization characteristic. The results clearly show that the observed cross-polarized components are considerably smaller than the co-polarized components. Therefore, unidirectional beam-scanning function with good polarized performance is achieved.
For further validation, E x on observed line 3 plotted in Fig. 11 (a) at 7.5 GHz is monitored and the result is shown in Fig. 11(b) . The amplitude of E x evidently decreases as the wave transmits along the SSPP waveguide, which indicates an energy leak. Fig. 12 provides the E x , E y , and E z components of the electric field on the plane of x = 105 mm at 7.5 GHz. When Fig. 12 is compared with Fig. 6(b) , electromagnetic fields are radiated but not localized within a small region around the waveguide. The near-field distributions of E x and 3D radiation patterns at three different frequencies (6.2, 6.4, and 7.5 GHz) are illustrated in Fig. 13 to further verify the beam-scanning characteristics of the proposed antenna. Fig. 13 clearly shows that energy radiates toward different directions, thereby resulting in backward, broadside, and forward radiation as the working frequency varies, and the downward radiation is suppressed, obviously. Fig. 14 presents the simulated and measured realized gains and total efficiencies of the proposed antenna. The result indicates that when frequency varies from 6.2 GHz to 9 GHz, the simulated realized gain reaches 8.2-14.8 dBi, whereas the measured gain is within the range of 8.11-13.3 dBi. The discrepancy between the simulated and measured results is mainly due to the insertion losses caused by the antenna fabrication and the connectors, which are not considered in the simulation. In addition, space losses occur in the experimental process. It is worth noting that gain degeneration happens when frequency deviates from center frequency due to the weakening of the induced current on circular patches. The phenomenon is also reflected in Fig.9 . Near the edge of the working band, some of the energy is transmitted to the other port instead of being radiated to free space due to weak coupling efficiency. Although the gain degeneration happened, the minimum measured gain still reaches 8.11dBi. The total efficiency reaches an average level of 0.67 and the mean realized gain is as high as 10.9 dBi. The maximum efficiency and realized gain are 0.89 and 13.3dBi, respectively. As expected, good performance is verified for the fabricated beam-scanning antenna fed by the CMIM plasmonic waveguide.
One point must be stated. Although the backward radiation is only −8 • , the scanning range can be adjusted by changing the value of d based on equation (6) . Fig. 15 shows the radiation patterns of the proposed antenna with d=20mm and d=23mm. For the condition of d = 23mm, scanning angles cover 61 • from −14 • to +47 • in the band of 6.3-9.2GHz. For the condition of d=20mm, scanning angles cover 60 • from −30 • to +30 • in the band of 6.4-9.3GHz. It can be concluded that scanning angles will move backwards if the distance between two adjacent patches decreases.
A comparison between the proposed antenna and similar other beam-scanning antennas in terms of structural complexity, beam-steering capability, average gain and frequency sensitivity, etc is given in the Table 2 [48] . In particular, compared to [36] , this work realizes unidirectional scanning with a better performance of the scanning range, frequency sensitivity and realized gain. In many practical systems, the back of the antenna is often placed with some complex circuit modules. In order to avoid interference, unidirectional radiation is necessary for these systems. Higher frequency sensitivity means that wider scanning angles can be covered within narrower frequency band, and it is beneficial to reduce the bandwidth burden of the entire system. Compared to [38] , the proposed antenna shows better compactness using just one layer of dielectric and possesses much higher frequency sensitivity. In general, the proposed beam-scanning antenna is advantageous to achieve a unidirectional scanning with wider range, higher frequency sensitivity and simpler structure.
IV. CONCLUSIONS
A unidirectional beam-scanning antenna grounded by a CMIM plasmonic waveguide is proposed. The antenna is constructed by printing two rows of circular metallic patches above the SSPP waveguide. Wide-angle beam scanning and unidirectional radiation are realized due to the phase difference of SSPP wave fed to the patches and the reflection effect of the CMIM structure, respectively. The simulated results agree well with the measured results. When frequency varies from 6.2 GHz to 9 GHz, forward, broadside, and backward radiation are achieved, and the scanning angle covers 57 • . The experimental realized gain over the entire frequency band reaches 8.11-13.3 dBi. Satisfactory polarization is also observed. The proposed antenna has potential applications in wireless communication systems such as microwave relay communication and satellite communication. It can provide a simple structure, low-cost fabrication, unidirectional radiation, wide-angle beam steering and high frequency sensitivity.
